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WntClassical tissue recombination studies demonstrated that initiation of tooth development depends on
activation of odontogenic potential in the mesenchyme by signals from the presumptive dental epithelium.
Although several members of the Wnt family of signaling molecules are expressed in the presumptive dental
epithelium at the beginning of tooth initiation, whether Wnt signaling is directly involved in the activation of
the odontogenic mesenchyme has not been characterized. In this report, we show that tissue-speciﬁc
inactivation of β-catenin, a central component of the canonicalWnt signaling pathway, in the developing tooth
mesenchyme caused tooth developmental arrest at the bud stage in mice. We show that mesenchymal β-
catenin function is required for expression of Lef1 and Fgf3 in the developing tooth mesenchyme and for
induction of primary enamel knot in the developing tooth epithelium. Expression of Msx1 and Pax9, two
essential toothmesenchyme transcription factors downstream of Bmp and Fgf signaling, respectively, were not
altered in the absence of β-catenin in the tooth mesenchyme. Moreover, we found that constitutive
stabilization of β-catenin in the developing palatal mesenchyme induced aberrant palatal epithelial
invaginations that resembled early tooth buds both morphologically and in epithelial molecular marker
expression, but without activating expression of Msx1 and Pax9 in the mesenchyme. Together, these results
indicate that activation of the mesenchymal odontogenic program during early tooth development requires
concerted actions of Bmp, Fgf andWnt signaling from the presumptive dental epithelium to the mesenchyme.
© 2009 Elsevier Inc. All rights reserved.Introduction
Similar to development of many other organs, development of the
tooth, from its initiation through morphogenesis to cytodifferentia-
tion, involves a series of sequential and reciprocal signaling interac-
tions between the adjacent epithelium and mesenchyme (Thesleff
et al., 1995; Pispa and Thesleff, 2003). In mice, tooth development
begins as a thickening of the oral epithelium at around the 11th day of
embryonic development (E11). The presumptive dental epithelium
proliferates and buds into the underlying neural crest-derived
mesenchyme at speciﬁc sites and induces the mesenchyme to
condense around the epithelial buds from E12 to E13. At E13.5, cells
at the tip of the epithelial tooth buds form the primary enamel knot,
which secretes a number of growth factors to stimulate the
proliferation of the surrounding dental epithelium. Subsequently,
the dental epithelium folds and extends farther into the mesenchyme,
wrapping itself around the condensing mesenchyme to form “cap”
and then “bell”-shaped tooth germs. As development proceeds, theUniversity of Rochester, 601
x: +1 585 276 0190.
. Jiang).
l rights reserved.epithelial cells in contact with the dental mesenchyme differentiate
into the enamel-producing ameloblasts and their adjacent mesench-
ymal cells differentiate into the dentin-producing odontoblasts
(Thesleff and Hurmerinta, 1981). The ameloblasts and odontoblasts
deposit enamel and dentin matrices, respectively back-to-back and
subsequent mineralization of these matrices forms the hard tissues of
the tooth (Lumsden, 1988).
Tissue recombination experiments have demonstrated that tooth
inductive signals arise initially in the presumptive dental epithelium
(Mina and Kollar, 1987; Lumsden, 1988; Ohazama et al., 2005). At the
early tooth bud stage, however, the dental epithelium rapidly loses
tooth inductive potential while the underlying mesenchyme acquires
the capability to instruct toothmorphogenesis (Mina and Kollar, 1987;
Lumsden, 1988). Whereas the exact molecular nature of the
odontogenic potential has not been completely characterized, mem-
bers of the bone morphogenetic protein (Bmp) and ﬁbroblast growth
factor (Fgf) families play critical roles in early tooth development
(reviewed Jernvall and Thesleff, 2000; Pispa and Thesleff, 2003).
Bmp2, Bmp4, Fgf8, and Fgf9 are expressed in the presumptive dental
epithelium at the beginning of tooth development (Wozney et al.,
1988; Lyons et al., 1989; Vainio et al., 1993; Turecková et al., 1995;
Neubuser et al., 1997; Dassule and McMahon, 1998). Bmp and Fgf
signaling are necessary for activation of expression of the Msx1 and
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mesenchyme (Vainio et al., 1993; Neubuser et al., 1997; Tucker et al.,
1998; Mandler and Neubuser, 2001). Mice lacking either Msx1 or
Pax9 function exhibited tooth developmental arrest at the early
bud stage (Satokata and Maas, 1994; Peters et al., 1998). Expression
of Bmp4, which shifts from the presumptive dental epithelium to the
developing tooth mesenchyme at about E12 during normal mouse
tooth initiation, was signiﬁcantly reduced in the developing tooth
mesenchyme in either Msx1−/− or Pax9−/− mutant mice (Chen
et al., 1996; Peters et al., 1998). Addition of recombinant Bmp4
protein rescued development of Msx1−/− mutant tooth germs to the
late bell stage in explant cultures (Chen et al., 1996; Bei et al., 2000).
In addition, Fgf8 induced Fgf3 expression in the dental mesenchyme
in an Msx1-dependent manner (Bei and Maas, 1998). Although teeth
developed normally in Fgf3−/− mutant mice (Mansour, 1994), mice
homozygous for null mutations in both Fgf3 and Fgf10, which are
both expressed in the developing tooth mesenchyme, had tooth
developmental arrest at the bud stage (Wang et al., 2007). Moreover,
mice with either tissue-speciﬁc inactivation in the oral epithelium of
Bmpr1a, which encodes a type-1 receptor for Bmp signaling, or a
deletion of Fgfr2b, which encodes the epithelial isoform of the type-2
Fgf receptor, exhibited tooth developmental arrest at the early bud
stage (De Moerlooze et al., 2000; Andl et al., 2004; Liu et al., 2005).
Thus, both Bmp and Fgf signaling are critical for the reciprocal
interactions between the epithelium and mesenchyme during tooth
initiation.
The Wnt signaling pathway also plays essential roles in early tooth
development. The Wnt family of secreted proteins consists of 19
members in mammals and can trigger various cellular responses
through several distinct pathways (Logan and Nusse, 2004). The
canonical Wnt signaling pathway involves stabilization and nuclear
accumulation of β-catenin. In the absence of Wnt signaling,
cytoplasmic β-catenin is phosphorylated by the serine/threonine
kinase GSK-3β, through interactions with the scaffolding proteins
Axin and APC, and targeted for degradation by the ubiquitination–
proteosome pathway. Activation of Wnt signaling inhibits β-catenin
phosphorylation, leading to stabilization of β-catenin and its
accumulation in the cellular nuclei where it interacts with and
converts the TCF/Lef family DNA-binding proteins from transcrip-
tional repressors to activators. Several Wnt genes, including Wnt4,
Wnt6, Wnt10a, and Wnt10b, as well as Lef1, are strongly expressed in
the presumptive dental epithelium at the tooth initiation stage inmice
(Kratochwil et al., 1996; Dassule and McMahon, 1998; Sarkar and
Sharpe,1999). As the dental placode invaginated to form the tooth bud
at E12, Lef1 mRNA expression shifted to the underlying presumptive
dental mesenchyme (Kratochwil et al., 1996). At the same develop-
mental stage, nuclear β-catenin was observed in both the dental
epithelium and underlyingmesenchyme (Liu et al., 2008). Application
of Wnt-expressing cells speciﬁcally induced Lef1 mRNA expression in
the mesenchyme of E11 mouse mandibular explants (Dassule and
McMahon, 1998). These data indicate that the Wnt/β-catenin
signaling pathway is activated in the dental mesenchyme during
tooth initiation. However, whereas mice lacking Lef1 exhibited tooth
developmental arrest at the bud stage (Van Genderen et al., 1994;
Kratochwil et al., 1996), tissue recombination experiments suggested
that Lef1 function is required in the dental epithelium, but not in the
dental mesenchyme, for tooth morphogenesis (Kratochwil et al., 1996,
2002). Consistent with an essential role of active Wnt/β-catenin
signaling in the dental epithelium for early tooth development,
epithelium-speciﬁc inactivation of β-catenin or epithelial expression
of Dkk1, an inhibitor of canonical Wnt signaling, caused tooth
developmental arrest at the early bud stage (Andl et al., 2002; Liu
et al., 2008). However, whether Wnt/β-catenin signaling in the
developing dental mesenchyme is required for early tooth morpho-
genesis is not known. Here we report that β-catenin function is
required in the developing dental mesenchyme for the transition oftooth morphogenesis from the bud to the cap stage. In addition, we
show that constitutive stabilization of β-catenin in developing palatal
mesenchyme induced de novo formation of palatal epithelial invagi-
nations that resembled developing tooth buds. Together, these data
indicate that Wnt/β-catenin signaling plays critical roles in the
activation of the mesenchymal odontogenic potential during early
tooth development.
Materials and methods
Mouse strains, breeding and genotyping
Generation and characterization of Osr2-IresCre mice have been
reported previously (Lan et al., 2007). Detailed analysis of Osr2-CreKI
mice, in which a Cre cDNA replaced the coding region of the Osr2
gene, will be described elsewhere. The Catnbf/f mice, homozygous for
a β-catenin allele with the DNA sequences from Exon-2 to Exon-6
ﬂanked by two repeated loxP sites (Brault et al., 2001), and the R26R
mice (Soriano, 1999) were purchased from the Jackson Laboratory
(Bar Harbor, ME).
For analysis of Cre activity in Osr2-IresCre mice, Osr2-IresCre mice
were crossed to R26R mice and the embryos processed for X-gal
staining. Mice lacking β-catenin in the dental mesenchymal cells was
obtained by crossing Catnbf/+;Osr2-IresCre mice with Catnbf/f mice.
For stabilization of β-catenin in the developing palatal mesenchyme,
Catnblox(ex3) mice (Harada et al., 1999) were crossed to Osr2-CreKI
mice. Timed mating was set up in the late afternoon and examined for
the presence of vaginal plugs the next morning. The noon of plug day
is assumed as 0.5 day of gestation (E0.5). Embryos were collected at
various developmental stages as indicated in the Results section. For
genotyping, genomic DNA from either yolk sac or tail tissues was
extracted. Primers for genotyping Catnbf and R26R alleles have been
described previously (Brault et al., 2001; Soriano, 1999). Other
primers used for genotyping are: 1733, AGGGTACCTGAAGCTCAGCG
and 1734, CAGTGGCTGACAGCAGCTTT for the Catnblox(ex3) allele; and
Cre83, GTCCAATTTACTGACCGTACACC and Cre85, GTTATTCGGATCAT-
CAGCTACACC for both Osr2-IresCre and Osr2-CreKI alleles.
X-Gal staining
To detect β-galactosidase activity, embryos were ﬁxed in 0.25%
glutaraldehyde, passed through sucrose series, embedded in Nega-
tive-50 freezing medium (Richard Allan), and sectioned at 14 μm
thickness using a cryostat microtome. X-gal staining of sections was
performed as described previously (Hogan et al., 1994). Slides were
counterstained with eosin.
Histology and immunohistochemical staining
For histological analysis, staged embryos were collected, ﬁxed in
Bouin's ﬁxative or 4% paraformaldehyde (PFA), dehydrated through
ethanol series, embedded in parafﬁn, and sectioned serially at 7 μm
thickness. Slides were stained with hematoxylin and eosin, and
mounted with Permount.
For immunostaining, frontal sections from 4% PFA-ﬁxed embryos
were treated with 3% hydrogen peroxide, boiled in a pressure cooker
containing Trilogy™ solution (Cell Marque, Rocklin, CA), and
incubated with primary antibodies against phospho-Smad1/5/8
(polyclonal rabbit serum, Cell Signaling Technology; 1:200), β-catenin
(mouse monoclonal clone 15B8, Sigma; 1:500), and active-caspase-3
(rabbit monoclonal antibody, BD Biosciences, 1:250). M.O.M kit
(Vector Laboratories), in combination with streptavidin-conjugated
Texas-Red (Vector Laboratories, 1:100) was used for detection of β-
catenin. Histostain Plus Rabbit Primary (DAB) kit (Zymed Labora-
tories) was used for detection of phospho-Smad 1/5/8 and active-
caspase-3, following manufacturer's instructions.
Fig. 2. Molar tooth development arrested at the bud stage in the Catnbf/f;Osr2-IresCre
mutant mice. (A–F) Histology of frontal sections through the developing molar tooth
germs in control (A, C, E) and Catnbf/f;Osr2-IresCre mutant (B, D, F) embryos at E13.5
(A, B), E14.5 (C, D) and E16.5 (E, F). Arrows point to the molar tooth germs.
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Embryos were ﬁxed in 4% PFA, dehydrated through ethanol series,
embedded in parafﬁn, and sectioned at 7 μm thickness. Frontal
sections were hybridized with digoxigenin-labeled cRNA probes
generated by in vitro transcription from linearized cDNA templates.
Slides were subsequently incubated with an alkaline phosphatase-
conjugated anti-DIG antibody (Roche). Hybridization signal was
detected by BM purple substrate (Roche) as described previously
(Zhang et al., 1999).
Kidney capsule culture of tooth germs
To investigate the effects of constitutive stabilization of β-catenin
on tooth development and possible ectopic tooth initiation in the
developing palate in the Catnblox(ex3)/+;Osr2-CreKI mice, molar tooth
germs and palatal shelves were dissected from E13.5 embryos and
grafted under the kidney capsule of adult CD-1malemice according to
standard procedure. Three weeks after transplantation, the recipient
mice were sacriﬁced and the grafts processed for histological analysis.
All animal procedures were carried out according to IACUC approved
protocols.
Results
Deletion of β-catenin in early tooth mesenchyme caused tooth
developmental arrest at the bud-to-cap transition
Since the tooth mesenchyme is derived from the cranial neural
crest, the most straightforward approach for investigating the roles of
canonical Wnt signaling in the developing tooth mesenchyme wouldFig. 1. Cre-mediated activation of LacZ expression during molar tooth development in
the Osr2-IresCre;R26R embryos. (A–F) Frontal sections from Osr2-IresCre;R26R embryos
at E12.5 (A, B), E13.5 (C, D), and E15.5 (E, F) were assayed by X-gal staining. Note that X-
gal staining was only detected in dental mesenchymal cells, but not in dental epithelia.
Black dashed lines mark the boundary between the developing dental epithelium and
mesenchyme. Arrows in A–D point to the mesenchyme lingual to the developing tooth
buds. de, dental epithelium; dm, dental mesenchyme; max. molar, maxillary ﬁrst molar
tooth germs; man. molar, mandibular ﬁrst molar tooth germs.be to speciﬁcally inactivate the β-catenin gene in the early neural crest
cells. However, Cre/loxP-mediated tissue-speciﬁc inactivation of the
β-catenin gene in the early neural crest cells in mice using the Wnt1-
Cre transgenic mouse strain resulted in severe disruption of formation
of the facial primordia prior to initiation of tooth development (Brault
et al., 2001). We recently generated the Osr2-IresCre knockin mice, in
which the IresCre bicistronic expression cassette was inserted in the 3′
region of the Osr2 gene, and showed that these mice exhibited Cre
activity in the mesenchyme of the developing secondary palate and
tooth germs (Lan et al., 2007). In contrast to the Wnt1-Cre transgenic
mice, which express Cre in the premigratory neural crest cells by E8.5
(Danielian et al., 1998; Chai et al., 2000), Cre activity was not detected
in the craniofacial tissues in the Osr2-IresCre mice until E10.5, after
neural crest migration to the facial primordia was complete (Lan et al.,
2007). To analyze the spatial and temporal pattern of Cre activity in
Osr2-IresCre mice, we crossed Osr2-IresCre mice to the R26R reporter
mice, in which LacZ expression is only activated by Cre-mediated
recombination (Soriano, 1999). As shown previously, Cre-mediated
activation of β-galactosidase expression occurred throughout the
developing palatal mesenchyme as well as in the developing molar
and incisor tooth mesenchyme by E14.5 in Osr2-IresCre;R26R mice
(Lan et al., 2007). We further examined in detail Cre-mediated
activation of β-galactosidase expression during molar tooth develop-
ment. At E12.5, as the molar tooth epithelium invaginated into the
mesenchyme, β-galactosidase activity was detected in mesenchymal
cells lingual to the molar tooth buds, while mesenchymal cells buccal
to the molar tooth buds showed very little β-galactosidase activity
(Figs. 1A, B). The lingual bias of Cre activity in the developing tooth
mesenchyme corresponds to a preferential expression of the Osr2
gene in the lingual side of the developing tooth mesenchyme (Gao
et al., 2009; Zhang et al., 2009). At E13.5, β-galactosidase activity
in the upper molar mesenchyme still exhibited lingual bias (Fig. 1C),
while it was detected in the mesenchymal cells in both the lingual
and buccal sides of lower molar tooth buds (Fig. 1D). By E15.5,
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uppermolar and lowermolar tooth germs (Figs.1E, F). Importantly, no
β-galactosidase expression was detected in the palatal and tooth
epithelial cells throughout these stages.
To investigate whether β-catenin function in the developing tooth
mesenchyme is required for tooth morphogenesis, we crossed Osr2-
IresCre mice to mice carrying a targeted conditional β-catenin allele,
Catnbf/f (Brault et al., 2001). Catnbf/f;Osr2-IresCre pups were bornwith
cleft palate and died shortly after birth. To examine tooth development
in Catnbf/f;Osr2-IresCre mice, we carried out histological analyses of
embryos harvested at E12.5 to E16.5. At E12.5, molar tooth develop-
ment had initiated and tooth epithelium invaginated into the under-
lying mesenchyme in both control and mutant embryos (data not
shown). At E13.5,molar tooth germs had reached the bud stage in both
control andmutant embryos (Figs. 2A, B). By E14.5, tooth development
in the control embryos had reached the cap stage (Fig. 2C), while
molar tooth germs in the Catnbf/f;Osr2-IresCre mutants remained at
the bud stage (Fig. 2D). At E16.5, molar tooth germs in the control
embryos continued to develop toward the bell stage (Fig. 2E), but the
molar tooth germs in the Catnbf/f;Osr2-IresCre mutants remained
arrested at the bud stage (Fig. 2F). Moreover, examination of sections
through the developing incisor regions revealed that development of
both upper and lower incisorswere arrested at the late bud to early cap
stage in the Catnbf/f;Osr2-IresCre mutant mice (Fig. 3). These data
indicate that β-catenin function is required in the developing dental
mesenchyme for tooth morphogenesis beyond the bud stage.
β-catenin function is required in the developing tooth mesenchyme for
induction of primary enamel knot
As the developing tooth germ transitions from the bud to the cap
stage, mesenchymal signals induce the cells at the tip of the epithelialFig. 3. Incisor tooth development arrested at the late bud to early cap stages in the Catnbf/
arrows point to maxillary tooth germs. (A–D) At E13.5, both maxillary and mandibular incis
embryos. (E–H) At E14.5, the incisor tooth germs have developed to the cap stage in the contr
(F, H) were still at the bud stage. (I–L) At E15.5, the incisor tooth germs developed to the bell
whereas themaxillary incisor tooth germs arrested at the early cap stage in the Catnbf/f;Osr2-
in the Catnbf/f;Osr2-IresCre mutant embryos by E15.5 (J).tooth bud to form the primary enamel knot, an epithelial signaling
center that expresses multiple signaling molecules and transcription
factors. The enamel knot is an important regulator of tooth shape, and
its induction is a prerequisite for the tooth germ to develop into the
cap stage (reviewed by Jernvall and Thesleff, 2000). To investigate
whether induction of enamel knot had taken place in Catnbf/f;Osr2-
IresCremutant embryos, we analyzed expression of Fgf4 and Shh, two
well establishedmolecular markers of the primary enamel knot, in the
developing tooth germs. At E14.5, the ﬁrst molar tooth germs in
control embryos exhibited strong localized expression of Fgf4 and Shh
mRNAs at the center of the cap-shaped tooth epithelium (Figs. 4A, C).
In contrast, examination of serial sections throughout the developing
ﬁrst molar tooth germs in the Catnbf/f;Osr2-IresCremutant littermates
failed to detect any Fgf4 expression in the developing tooth epithelium
while only a few cells at the tip of the maxillary, but not mandibular,
ﬁrst molar tooth buds showed weak Shh expression (Figs. 4B, D).
Similarly, in the developing incisor tooth germs at E14.5, only a few
cells at the tip of the Catnbf/f;Osr2-IresCre mutant tooth buds showed
weak Shh expression, in contrast to the robust Shh expression in the
distal incisor epithelium in the control littermates (Figs. 4E, F).
While the primary enamel knot acts as a signaling center for
stimulating tooth morphogenesis from the bud to the cap stage, the
enamel knot cells themselves undergo programmed cell death
(reviewed by Jernvall and Thesleff, 2000). Consistent with the Shh
expression data shown above, we found activated Caspase3 activity in
a few cells in the center of the maxillary ﬁrst molar tooth buds
(Fig. 5B), but not in the mandibular ﬁrst molar tooth buds (Fig. 5D), in
the E14.5 Catnbf/f;Osr2-IresCremutant embryos, comparedwith strong
and localized activated Caspase3 activity in the enamel knot cells in
both the maxillary and mandibular ﬁrst molar tooth germs in the
control littermates (Figs. 5A, C). Importantly, no increase in activation
of Caspase3 activity was detected in the developing tooth epitheliumf;Osr2-IresCre mutant mice. White arrows point to mandibular tooth germs, and black
ors developed to the bud stage in control (A, C) and Catnbf/f;Osr2-IresCremutant (B, D)
ol embryos (E, G) but incisor tooth germs in the Catnbf/f;Osr2-IresCremutant littermates
stage in the control embryos (I, K) but the mandibular incisors arrested at the bud stage
IresCremutant embryos. Ectopic cartilage (ec) developed next to the incisor tooth germs
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compared with their control littermates (Figs. 5A–H). We further
carried out TUNEL assays and did not ﬁnd any increase in cell death in
the developing tooth epithelium and mesenchyme in the mutant
embryos (data not shown). These data indicate that the tooth
developmental arrest in the Catnbf/f;Osr2-IresCre mutant embryos
was not associated with increased cell death.
The subtle differences between the progression of maxillary and
mandibular ﬁrst molar development may be due to the differences in
the domains of Cre-mediated β-catenin inactivation in the developing
tooth mesenchyme. We compared the expression of β-catenin protein
in the developing tooth germs in the control and Catnbf/f;Osr2-IresCre
embryos by immunohistochemical staining. While β-catenin was
most strongly expressed in the epithelium, including the oral and
dental epithelium, a signiﬁcant amount of β-catenin protein was
detected in the developing tooth mesenchyme (Fig. 6A). By compar-
ison, β-catenin protein levels were dramatically reduced throughout
the developing tooth mesenchyme surrounding the mandibular
ﬁrst molar tooth buds by E13.5 in the Catnbf/f;Osr2-IresCre embryos
(Fig. 6B). Consistent with the lingual bias of Cre activity, in particular
around the developing maxillary molar tooth germs, β-catenin was
dramatically reduced in the developing tooth mesenchyme lingual
and distal to, but not in the buccal side of, the maxillary ﬁrst molar
tooth buds in the E13.5 Catnbf/f;Osr2-IresCre embryos (Fig. 6B).
Importantly, the levels of β-catenin protein in the developing toothFig. 4. β-catenin function is required in the developing toothmesenchyme for induction
of the primary enamel knot. (A) At E14.5, Fgf4 mRNA was strongly expressed in the
primary enamel knot cells (arrows) in the developing ﬁrst molar tooth germs in the
control embryo. (B) Fgf4 expression was not detected in the developing ﬁrst molar
tooth germs in the E14.5 Catnbf/f;Osr2-IresCre mutant embryos. Arrows point to the
developing tooth germs. (C) At E14.5, ShhmRNAwas strongly expressed in the primary
enamel knot cells in the developing ﬁrst molar tooth germs in the control embryo. (D)
ShhmRNA expressionwas detected in a few cells in the maxillary ﬁrst molar tooth germ
but not in the mandibular molar tooth germ in the E14.5 Catnbf/f;Osr2-IresCre mutant
embryo. (E, F) At E14.5, Shh mRNA was strongly expressed in the inner enamel
epithelium in the developing incisors in control embryo (E) but was only weakly
expressed in a few cells in the developing incisor epithelium in the Catnbf/f;Osr2-IresCre
mutant littermate (F).epithelium was not altered in the Catnbf/f;Osr2-IresCre embryos, in
comparison with the control littermates (Figs. 6A, B). Thus, whereas
previous studies showed that β-catenin function is required in the
developing tooth epithelium for early tooth morphogenesis (Liu et al.,
2008), these data indicate that β-catenin function is also required in
the developing tooth mesenchyme for the induction of primary
enamel knot formation.
Cell autonomous requirement of β-catenin for maintenance of
expression of Lef1 and Fgf3 in the developing tooth mesenchyme
Induction of the primary enamel knot and transition of tooth
development from the bud to the cap stage depends on adequate
Bmp4 expression in the developing tooth mesenchyme (Chen et al.,
1996; Bei et al., 2000; Zhao et al., 2000). Mice lacking either Msx1 or
Pax9, two transcription factors expressed in the early developing
tooth mesenchyme, exhibited tooth developmental arrest at the bud
stage with loss of mesenchymal Bmp4 expression (Chen et al., 1996;
Peters et al., 1998). Addition of exogenous Bmp4 to tooth germ explant
cultures or transgenic expression of Bmp4 in the tooth mesenchyme
rescued Msx1−/− mutant molar tooth development to the cap stage
(Bei et al., 2000; Zhao et al., 2000). We thus compared the expression
of Bmp4, Msx1, and Pax9 during tooth development in the Catnbf/f;
Osr2-IresCremutant and control embryos.We found that expression of
these genes in the developing tooth mesenchyme was similar in the
Catnbf/f;Osr2-IresCre mutant and control littermates (Fig. S1 in the
Supplementary material).
Mice lacking the transcription factor Lef1 exhibited tooth
developmental arrest at late bud stage without disrupting mesench-
ymal Bmp4 expression (Kratochwil et al., 1996), similar to the
Catnbf/f;Osr2-IresCre mutant mice. We compared the expression of
Lef1 mRNA during tooth development in the Catnbf/f;Osr2-IresCre
mutant and control littermates. At E13.5, Lef1 mRNA was highly
expressed in the distal tooth bud epithelium and mesenchyme in
control embryos (Fig. 6C). In comparison, Lef1 mRNA expression was
dramatically reduced in the developing tooth mesenchyme in the
Catnbf/f;Osr2-IresCre mutant littermates (Fig. 6D). In particular, the
domains of Lef1 downregulation correlated well with the domains of
loss of β-catenin in the tooth mesenchyme such that Lef1 mRNA
expression was reduced throughout the mandibular molar tooth
mesenchyme but persisted on the buccal side of the maxillary molar
tooth mesenchyme (compare Fig. 6D with Fig. 6B). By E14.5, Lef1
mRNA was strongly expressed in the enamel knot and the underlying
dental mesenchyme in control embryos (Fig. 6E). In contrast, little
Lef1 mRNA expression was detected in the developing tooth
mesenchyme while strong Lef1 mRNA expression was present in the
distal tooth epithelium in Catnbf/f;Osr2-IresCre mutant littermates
(Fig. 6F). These data indicate that β-catenin function is required cell-
autonomously in the developing tooth mesenchyme for maintenance
of Lef1mRNA expression.
Lef1−/− mutant embryos lacked Fgf3 and Fgf4 expression in the
developing toothmesenchymeandepithelium, respectively (Kratochwil
et al., 2002).We found that Fgf4 expressionwasabsent in thedeveloping
tooth epithelium of Catnbf/f;Osr2-IresCre mutant embryos although
strong Lef1 expression persisted in themutant tooth epithelium (Fig. 4B
and Fig. 6F). We further examined expression of Fgf3 expression during
tooth development in the Catnbf/f;Osr2-IresCre mutant embryos and
found that expressionof Fgf3wassigniﬁcantly reduced in thedeveloping
tooth mesenchyme in Catnbf/f;Osr2-IresCre mutant embryos compared
with the control littermates (Figs. 6G, H).
Constitutive stabilization of β-catenin in the palatal mesenchyme
induced tooth bud-like structures from the palatal epithelium
To further investigate the role of β-catenin in the activation of
mesenchymal odontogenic potential, we crossed the Catnblox(ex3)
Fig. 5. Tooth developmental arrest in the Catnbf/f;Osr2-IresCre mutant mice was not accompanied by increased cell apoptosis. (A, C) At E14.5, the primary enamel knot cells at the
center of the developing inner enamel epithelium in the maxillary (A) and mandibular (C) molar tooth germs in the control embryo exhibited active caspase-3 activity. (B, D) A
rudimentary primary enamel knot, as shown by a few clustered cells expressing active caspase-3, formed in the developingmaxillary molar tooth germ (B), but not in themandibular
molar tooth germ (D), in the E14.5 Catnbf/f;Osr2-IresCremutant embryos. Arrows in A–D point to the corresponding primary enamel knot region of the developingmolar tooth germs.
No active caspase-3 activity was detected in the developing tooth mesenchyme in either the control (A, C) or Catnbf/f;Osr2-IresCremutant (B, D) embryos. (E–H) Detection of active
caspase-3 activity in the developing molar tooth germs in E12.5 (E, F) and E13.5 (G, H) control (E, G) and Catnbf/f;Osr2-IresCremutant (F, H) embryos. Arrowheads in E–H point to the
developing tooth buds. No differences in cell apoptosis were detected in the control and mutant tooth germs.
179J. Chen et al. / Developmental Biology 334 (2009) 174–185mice, in which Exon-3 of the β-catenin gene was ﬂanked by loxP
sequences (Harada et al., 1999), to Osr2-CreKImice. Deletion of Exon-3
from the β-catenin gene results in generation of a constitutively more
stable β-catenin protein product due to lack of phosphorylation sites
for GSK3β, thus mimicking activation of canonical Wnt signaling
(Harada et al., 1999; Jarvinen et al., 2006; Liu et al., 2008). Similar to
Osr2-IresCre mice, Osr2-CreKI mice exhibit highly speciﬁc Cre expres-
sion in the Osr2-expressing cells, including the developing palatal and
tooth mesenchyme. Whereas a small percentage of Osr2-IresCre mice
exhibited ectopic Cre activity (Lan et al., 2007), none of over 200 Osr2-
CreKI mouse embryos displayed ectopic Cre activity outside of Osr2-
expressing tissues (Lan et al., unpublished data).
Catnblox(ex3)/+;Osr2-CreKI mice died shortly after birth and
displayed cleft secondary palate (Fig. S2 in the Supplementary
material). Histological analyses revealed that development of molar
teeth in Catnblox(ex3)/+;Osr2-CreKI mutant embryos (Figs. 7B, E, H, K)
progressed morphologically similar to their control littermates (Figs.
7A, D, G, J). However, multiple epithelial invaginations were detected
on the nasal side of the developing palatal shelves by E16.5 in the
Catnblox(ex3)/+;Osr2-CreKI mutants (Fig. 7F). From E17.5 to P0, the
ectopic epithelial invaginations at the nasal side of the palatal shelves
in the Catnblox(ex3)/+;Osr2-CreKI mutants formed morphologically
distinct epithelial buds (Figs. 7I, L).
To ascertain that the palatal epithelial invaginations resulted from
the stabilization ofβ-catenin in the palatalmesenchyme,we examined
β-catenin protein expression in the control and Catnblox(ex3)/+;Osr2-
CreKI mutant embryos. At E13.5, there is little β-catenin protein
detected in the palatal mesenchyme in the control embryos (Fig. 8A).
In contrast, strong β-catenin staining was detected throughout the
palatal mesenchyme in the Catnblox(ex3)/+;Osr2-CreKI mutant litter-
mates (Fig. 8B) while β-catenin staining in the palatal epitheliumwas
comparable in the control and mutant embryos (Figs. 8A, B).
Interestingly, following the formation of the palatal epithelialinvaginations in the Catnblox(ex3)/+;Osr2-CreKI mutant embryos,
intense β-catenin staining localized to the mesenchyme cells imme-
diately underlying the invaginated palatal epithelium (Fig. 8C).
Consistent with the changes in the pattern of β-catenin protein
distribution, Lef1mRNA expressionwas ectopically activated through-
out the developing palatal mesenchyme in the Catnblox(ex3)/+;Osr2-
CreKImutant embryos at E13.5 (Fig. 8E), while no Lef1 expressionwas
detected in the palatal mesenchyme in the control littermates (Fig.
8D). In the Catnblox(ex3)/+;Osr2-CreKImutants at P0, strong Lef1mRNA
expression was localized in the palatal mesenchyme immediately
adjacent to the invaginated palatal epithelium (Fig. 8F). These data
suggest, following the initial overall accumulation of stabilized
β-catenin and activation of the canonical Wnt signaling pathway
resulting from Cre-mediated deletion of Exon-3 of the β-catenin gene
in the palatal mesenchyme in the Catnblox(ex3)/+;Osr2-CreKI mutant
embryos, that subsequent β-catenin expression and accumulation in
the palatal mesenchyme underlying the invaginated palatal epithe-
lium was regulated by epithelial–mesenchymal interactions.
To investigate the identity of the invaginated palatal epithelial
structures in the Catnblox(ex3)/+;Osr2-CreKI mutants, we performed
section in situ hybridizationwith probes for genes important for tooth
development. Pitx2 is a marker for developing tooth epithelium and is
not expressed in other embryonic epithelial appendages (Mucchielli
et al., 1997; Liu et al., 2008). Pitx2 expressionwas detected throughout
the invaginated palatal epithelium in the Catnblox(ex3)/+;Osr2-CreKI
mutants (Fig. 8G). Shh is normally expressed in the enamel knot cells
in the developing tooth germs (Dassule et al., 2000). Shh expression
was observed speciﬁcally at the tip of some of the palatal epithelial
buds in the Catnblox(ex3)/+;Osr2-CreKI mutants (Fig. 8H). Similarly,
Bmp4 expression was detected at the tip of some of the palatal
epithelial buds and in the underlying mesenchymal cells in the
Catnblox(ex3)/+;Osr2-CreKI mutants (Fig. 8I), which closely resemble
Bmp4 expression in the enamel knot and mesenchyme of the late bud
Fig. 6. Alterations in gene expression during tooth development in the Catnbf/f;Osr2-
IresCre mutant embryos. (A, B) Immunoﬂuorescent detection of β-catenin protein
expression in the developing molar tooth germs in E13.5 control (A) and Catnbf/f;Osr2-
IresCre mutant (B) littermates. Arrows point to developing maxillary molar tooth
mesenchyme and arrowheads point to the developing mandibular molar tooth
mesenchyme. (C–F) Lef1 mRNA expression in E13.5 (C, D) and E14.5 (E, F) control
(C, E) and Catnbf/f;Osr2-IresCre mutant (D, F) molar tooth germs, respectively. (G, H)
Fgf3 mRNA expression was dramatically reduced in the E14.5 Catnbf/f;Osr2-IresCre
mutant molar tooth germs (H), in comparison with that in the control littermate (G).
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invaginations in the Catnblox(ex3)/+;Osr2-CreKI mutant mice resemble
developing tooth buds both morphologically and in molecular marker
expression.
As mentioned above, both the Msx1 and Pax9 transcription factors
are required in the developing tooth mesenchyme for tooth develop-
ment beyond the bud stage. However, we found that neither Msx1 nor
Pax9 was activated in the mesenchyme underlying the palatal
epithelial invaginations in the Catnblox(ex3)/+;Osr2-CreKI mutant
mice. To further investigate whether the palatal epithelial invagina-
tions in the Catnblox(ex3)/+;Osr2-CreKI mutant mice could undergo
tooth-like morphogenesis beyond the bud stage, we grafted either
E13.5 or E17.5 palatal explants from the Catnblox(ex3)/+;Osr2-CreKI
mutant embryos under kidney capsules of adult male mice for
3 weeks. As control, we grafted E13.5 molar tooth germs or palatal
explants of wildtype mouse embryos. No teeth formed from the
palatal explants from either wildtype or Catnblox(ex3)/+;Osr2-CreKI
mutant embryos (Fig. 8L, and data not shown), whereas the E13.5
mouse molar tooth germs gave rise to well-differentiated tooth
structures (Fig. 9K, and data not shown). Taken together, these data
indicate that β-catenin function is required in the developing toothmesenchyme, together with Msx1 and Pax9, for the complete
activation of mesenchymal odontogenic potential.
Persistent stabilization of β-catenin in the dental mesenchyme disrupts
differentiation of odontoblasts and ameloblasts
Although molar tooth germs in Catnblox(ex3)/+;Osr2-CreKI mutant
mice progressed to the bell stage by birth, careful examination of
histological sections of newborn pups indicated that the dental
mesenchyme was aberrant (Figs. 9A, B). By immunoﬂuorescent
staining, we detected high levels of β-catenin protein in the dental
mesenchyme cells in Catnblox(ex3)/+;Osr2-CreKI mutant pups, in
comparison with their control littermates (Figs. 9C, D). Expression of
Bmp4 mRNA was strongly upregulated throughout the dental
mesenchyme in Catnblox(ex3)/+;Osr2-CreKImutantmice, in comparison
to the restricted expression of Bmp4 mRNA in differentiating
odontoblasts in close contact with the dental epithelial cells in the
controlmice (Figs. 9E, F). Consistentwith the Bmp4 expressionpattern,
Bmp signaling, as revealed by immunostaining with an antibody
against phosphorylated-Smad1/5/8, was strongly elevated through-
out the dental mesenchyme in Catnblox(ex3)/+;Osr2-CreKImutantmice,
in comparison with the control littermates (Figs. 9G, H). In contrast,
expression of Shh in the differentiating ameloblasts was signiﬁcantly
reduced in Catnblox(ex3)/+;Osr2-CreKI mutant mice in comparison
with the control littermates (Figs. 9I, J), suggesting that ameloblast
differentiation was impaired in the mutant mice. To investigate
further the defects in cell differentiation in the tooth germs in
Catnblox(ex3)/+;Osr2-CreKI mutant mice, we transplanted E13.5 con-
trol and Catnblox(ex3)/+;Osr2-CreKI mutant molar tooth germs under
kidney capsules of adult mice for 3 weeks and then analyzed the
tooth morphology by histological analysis. As shown in Fig. 9K, the
control tooth germs had well-organized enamel and dentin layers in
between the ameloblast and odontoblast cell layers. In contrast, very
little enamel matrix was deposited in the Catnblox(ex3)/+;Osr2-CreKI
mutant tooth germ (Fig. 9L). In addition, whereas the control dental
pulp exhibited uniform distribution of undifferentiated dental
mesenchyme cells (Fig. 9K), the Catnblox(ex3)/+;Osr2-CreKI mutant
dental pulp cells prematurely differentiated and produced large
amounts of dentin-like matrix throughout the dental pulp compart-
ment (Fig. 9L). These data indicate that persistent stabilization of
β-catenin in the dental mesenchyme cells disrupted differentiation
of both the dental epithelium and mesenchyme. Thus, whereas
β-catenin signaling in the early tooth mesenchyme is required for
tooth development from the bud to the cap stage, its activity in the
developing dental mesenchyme is spatiotemporally controlled for
proper differentiation of the ameloblasts and odontoblasts during
later stages of tooth morphogenesis.
Discussion
At the beginning of tooth development, the presumptive dental
epithelium provides the tooth initiation signals to activate odonto-
genic potential in the developing toothmesenchyme (Mina and Kollar,
1987; Lumsden, 1988; Ohazama et al., 2005). Several signaling
molecules, including Bmp2, Bmp4, Fgf8, Fgf9, Shh, Wnt4, Wnt6,
Wnt10a, and Wnt10b, are expressed in the presumptive dental
epithelium at the beginning of tooth development (Wozney et al.,
1988; Lyons et al., 1989; Neubuser et al., 1997; Dassule and McMahon,
1998; Sarkar and Sharpe, 1999). Previous studies demonstrated that
both Bmp and Fgf signaling play essential roles in the induction of
odontogenic potential in the developing tooth mesenchyme by
activating expression of the Msx1 and Pax9 transcription factors,
respectively (Neubuser et al., 1997; Mandler and Neubuser, 2001). In
contrast, Shh signaling appears not directly involved in the activation
of odontogenic potential in the developing tooth mesenchyme
because mice lacking Smoothened, the obligate transducer of Shh
Fig. 7. Constitutive stabilization of β-catenin in the developing palatal mesenchyme resulted in ectopic tooth-like epithelial buds in the palate. (A, B) At E15.5, the Catnblox(ex3)/+;
Osr2-CreKI mutant embryo (B) exhibited comparable molar tooth development with that in the control littermate (A), but the mutant palatal shelves were still vertically oriented
(B) while palatal shelves had elevated to the horizontal position above the tongue in the control littermates. (C) High magniﬁcation view of the Catnblox(ex3)/+;Osr2-CreKI mutant
palatal shelf at E15.5. Arrowhead points to the thickened palatal epithelium. (D–F) At E16.5, while the developing molar tooth germs exhibited similar morphology in control (D) and
the Catnblox(ex3)/+;Osr2-CreKImutant (E) littermates, themutant palatal shelves (F) exhibited epithelial invaginations (arrowheads in F). (G–I) At E17.5, themolar tooth germs appear
smaller in the Catnblox(ex3)/+;Osr2-CreKImutant (H) than those in the control embryo (G). Some of the epithelial invaginations in the mutant palate (I) appeared to form early “cap”-
like structures (arrowheads in I). (J–L) At P0, themolar tooth germs in the Catnblox(ex3)/+;Osr2-CreKImutant (K) appeared retarded, in comparisonwith those in control littermate (J).
Multiple epithelial invaginations (arrowheads in L)were detected in themutant palatal shelves and the palatal mesenchyme appeared to condense under the epithelial invaginations.
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molars and upper incisors (Jeong et al., 2004). In this report, we
provide the ﬁrst experimental evidence that β-catenin-mediated
canonical Wnt signaling is also required for the activation of
odontogenic potential in the developing tooth mesenchyme for
tooth development beyond the bud stage.Wnt/β-catenin signaling plays a direct and essential role in activation
of odontogenic mesenchyme
Several Wnt genes are expressed speciﬁcally in the developing
dental epithelium during tooth bud formation and exogenous Wnt1,
as well as Wnt10b, induced Lef1 mRNA expression in the E11.5 mouse
Fig. 8. Constitutive stabilization of β-catenin in the palatal mesenchyme induced tooth bud-like structures from the palatal epithelium. (A–C) Immunoﬂuorescent detection of
β-catenin protein in the palate in E13.5 (A, B) and P0 (C) control (A) and Catnblox(ex3)/+;Osr2-CreKImutant (B, C) mice. Much more β-catenin protein (red color) accumulated in the
developing palate mesenchyme in E13.5 Catnblox(ex3)/+;Osr2-CreKI mutant (B) than in the control littermate (A). By P0, β-catenin protein was preferentially accumulated in the
mesenchymal cells underlying the epithelial invaginations in themutant palate (C). Arrowheads in A and B point to the palatal epithelium, whereas arrows in C point to the β-catenin
positive palatal mesenchyme underlying the invaginated palatal epithelium. (D–F) In situ hybridization detection of Lef1mRNA expression (blue color) in the palate in E13.5 (D, E)
and P0 (F) control (D) and Catnblox(ex3)/+;Osr2-CreKImutant (E, F) mice. Arrow in D points to Lef1-positive tooth mesenchyme, whereas arrows in F point to Lef1mRNA expression in
the palatal mesenchyme underlying the invaginated palatal epithelium in the Catnblox(ex3)/+;Osr2-CreKImutant mouse. (G–I) Expression of Pitx2 (G), Shh (H), and Bmp4 (I) mRNAs
indicates that the invaginated epithelial structures in the palate in the Catnblox(ex3)/+;Osr2-CreKI mutant mice resemble developing tooth germs. Arrows in G point to Pitx2 mRNA
expression in the invaginated palatal epithelium. Arrows in H and I point to the Shh- and Bmp4-positive domains in the distal region of the invaginated palatal epithelium, which
resemble the primary enamel knot in gene expression patterns. (J, K) Themesenchyme underlying palatal epithelial invaginations (arrows) in Catnblox(ex3)/+;Osr2-CreKImutant mice
did not show detectable expression ofMsx1 (J) and Pax9mRNAs (K). The black dashed line in each panel marks the boundary between the invaginated epithelium andmesenchyme.
(L) Kidney capsule graft of E13.5 Catnblox(ex3)/+;Osr2-CreKI mutant palatal shelf had encapsulated cysts (arrows) but no organized tooth structures.
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Sharpe, 1999), suggesting that canonical Wnt signaling may be
involved in the epithelial–mesenchymal interactions during tooth
initiation. However, expression of TOPGAL, a lacZ transgenic reporter
gene under the control of a synthetic Wnt/β-catenin-responsive
promoter containing three repeats of LEF1/TCF-binding sequences
(DasGupta and Fuchs, 1999), has only been detected in the tooth
epithelium, but not in the tooth mesenchyme, during the bud and cap
stages of tooth development (Liu et al., 2008). Since Bmp2 and Bmp4
could also induce Lef1 mRNA expression in mouse mandibular
mesenchyme (Chen et al., 1996; Kratochwil et al., 1996; Dassule and
McMahon, 1998), the lack of TOPGAL expression in the early tooth
mesenchyme raises questions about whether Lef1 is a direct target of
canonical Wnt signaling in the tooth mesenchyme and whether Wnt
signaling plays a direct role in the activation of the toothmesenchyme.
In this report, we show that tissue-speciﬁc inactivation of β-catenin in
the developing toothmesenchyme resulted in cell-autonomous loss of
Lef1 mRNA expression, without affecting Bmp4 expression, in the
developing tooth mesenchyme in the Catnbf/f;Osr2-IresCre mutantembryos. Thus, in the absence of β-catenin-mediated canonical Wnt
signaling, Bmp4 was insufﬁcient to maintain Lef1 expression in the
developing tooth mesenchyme. These data suggest that Lef1 mRNA
expression is directly regulated by Wnt/β-catenin signaling in the
developing tooth mesenchyme. With regards to lack of TOPGAL
expression in the early tooth mesenchyme, several reports have
indicated that the Wnt-responsive transgenic reporters, including
TOPGAL and BAT-gal (Maretto et al., 2003), do not label all sites of
known Wnt/β-catenin signaling (Dessimoz et al., 2005; Fathke et al.,
2006; reviewed by Barolo, 2006). Our results suggest that Wnt/β-
catenin signaling is capable of directly regulating the expression of
Lef1 and other target genes in the developing tooth mesenchyme
without activating TOPGAL expression.
The tooth developmental arrest phenotype of the Catnbf/f;Osr2-
IresCre mutant mice is remarkably similar to that of the Lef1−/−
mutant mice. Both mutant strains exhibited tooth developmental
arrest at the late bud stage with losses of Fgf4 and Shh expression from
the tooth epithelium and of Fgf3 expression in the tooth mesenchyme
(Kratochwil et al., 1996). However, tissue recombination experiments
Fig. 9. Persistent stabilization of β-catenin in the tooth mesenchyme disrupts cytodifferentiation during later tooth morphogenesis in the Catnblox(ex3)/+;Osr2-CreKI mutant mice.
(A, B) Frontal sections through the mandibular ﬁrst molar tooth germs of control (A) and Catnblox(ex3)/+;Osr2-CreKImutant mice at P0 stained with hematoxylin and eosin. Note the
uniform distribution of dental mesenchymal cells in the dental pulp in the control mouse versus the disorganized dental pulp compartment in the mutant mouse. (C, D)
Immunostaining showing β-catenin distribution (red color) in the control (C) and Catnblox(ex3)/+;Osr2-CreKImutant (D)molar tooth germs at P0. Cellular nuclei were counterstained
with 4′-6-diamidino-2-phenylindole (DAPI) and shown in blue color. Note the much higher level of β-catenin protein in the dental mesenchyme of the mutant mouse (D) than that
in the control littermate (C). (E, F) In situ hybridization detection of Bmp4mRNA (shown in blue color) in the frontal sections of molar tooth germs in control (E) and Catnblox(ex3)/+;
Osr2-CreKImutant (F) mice. (G, H) Immunohistochemical staining (detected in brown color) of the frontal sections of molar tooth germs in control (G) and Catnblox(ex3)/+;Osr2-CreKI
mutant (H) mice with an antibody against phosporylated-Smad1/5/8. The sections were counterstained with hematoxylin (blue). (I, J) In situ hybridization detection of ShhmRNA
expression in the molar tooth germs in control (I) and Catnblox(ex3)/+;Osr2-CreKI mutant (J) mice. (K, L) Kidney capsule grafts of the molar tooth germs from E13.5 control (K) and
Catnblox(ex3)/+;Osr2-CreKI mutant (L) embryos assayed by trichrome staining. The enamel matrix (arrows) is stained red and the dentin matrix is stained blue. Dp, dental pulp.
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not in the tooth mesenchyme, for tooth morphogenesis in explant
cultures (Kratochwil et al., 1996). Further studies demonstrated that
Wnt signaling was able to directly activate reporter gene expression
driven by the Fgf4 gene promoter and that exogenous Fgf4 rescued
development of the Lef1−/− mutant tooth germs (Kratochwil et al.,
2002). These studies led to the hypothesis that Lef1-mediated
canonical Wnt signaling acts as a relay mechanism within the
developing tooth epithelium through regulation of Fgf4 expression,
which in turn signals to the mesenchyme to activate Fgf3 and other
mesenchymal odontogenic factors to induce tooth development from
the bud to the cap stage (Kratochwil et al., 2002). In the Catnbf/f;Osr2-
IresCre mutant mice, however, β-catenin was inactivated in the
developing tooth mesenchyme but not in the tooth epithelium. Lef1
expression was speciﬁcally down-regulated in the developing tooth
mesenchyme but not in the tooth epithelium in these mutants. The
lack of Fgf4 expression in the developing tooth epithelium in Catnbf/f;
Osr2-IresCre mutant embryos indicates that intraepithelial Wnt/Lef1
signaling is insufﬁcient to activate Fgf4 expression in the developing
tooth epithelium in the absence of signals downstream of Wnt/β-
catenin signaling in the developing tooth mesenchyme. The differ-
ence between our ﬁnding that Wnt/β-catenin signaling in the
developing tooth mesenchyme is required for tooth development in
vivo and the ﬁnding of Kratochwil et al. (1996) that Lef1 function was
not required in the developing tooth mesenchyme for tooth
morphogenesis in recombinant explants is probably due to functional
redundancy between Lef1 and other Tcf family members. Indeed, Tcf1
is co-expressed with Lef1 in many embryonic tissues, including thedeveloping tooth mesenchyme (Oosterwegel et al., 1993; Galceran
et al., 1999). Moreover, Lef1 appears to function partially redundantly
with Tcf1 and Tcf4, respectively, during limb and midfacial develop-
ment (Galceran et al., 1999; Brugmann et al., 2007). Thus, by
speciﬁcally inactivating β-catenin in the developing tooth mesench-
yme, we have revealed an essential role for Wnt/β-catenin signaling
in the activation of the odontogenic mesenchyme during early tooth
development.
Wnt/β-catenin signaling and ectopic tooth initiation
Our ﬁnding that constitutive stabilization of β-catenin in the
developing palatal mesenchyme caused initiation of tooth bud-like
structures from the palatal epithelium is very intriguing. Two
laboratories recently independently demonstrated that constitutively
stabilizingβ-catenin through epithelium-speciﬁc deletion of Exon-3 of
the β-catenin gene using the K14-Cre transgenic mice resulted in
continuous sequential tooth production from the embryonic molar
tooth germs (Jarvinen et al., 2006; Liu et al., 2008). In addition, K14-
Cre-mediated epithelium-speciﬁc deletion of the Apc gene resulted in
extra tooth formation next to the molar and incisor tooth germs in the
K14-Cre;Apccko/cko mutant mice (Kuraguchi et al., 2006; Wang et al.,
2009). These results indicate that constitutive activation of Wnt/β-
catenin signaling in the oral epithelium can trigger ectopic initiation of
tooth development. Interestingly, although many epithelial invagina-
tions formed in the oral epithelium in the β-catex3K14/+ mice, extra
teeth only developed from the dental epithelium (Jarvinen et al., 2006;
Tummers and Thesleff, 2009), indicating that ectopic intraepithelial
184 J. Chen et al. / Developmental Biology 334 (2009) 174–185Wnt/β-catenin signaling was insufﬁcient to activate the odontogenic
program outside of the tooth developmental ﬁeld. In Catnblox(ex3)/+;
Osr2-CreKI mutant mice, tooth bud-like structures formed from the
palatal epithelium but not from other regions, including the molar
tooth epithelium, that are associated with Cre-expressing mesench-
yme. One possible explanation of the restricted tissue response is the
presence of other factors that antagonize the odontogenic program.
We recently reported that a normal in vivo function of the Osr2
transcription factor is to restrict mesenchymal odontogenic activity
within the tooth morphogenetic ﬁeld (Zhang et al., 2009). Interest-
ingly, although Osr2 is initially expressed throughout the palatal
mesenchyme at E12.5, it is down-regulated from themedial side of the
developing palatal shelves during palatal outgrowth such that Osr2
mRNA expression exhibits a lateral-medial gradient in the palatal
mesenchyme by E13.5 (Lan et al., 2001; Lan et al., 2004). The fact that
we only observed tooth bud-like epithelial invaginations from the
medial side of the palatal shelves in the Catnblox(ex3)/+;Osr2-CreKI
mutant mice suggest that the endogenous Osr2 transcription factor
may antagonize Wnt/β-catenin-mediated activation of mesenchymal
odontogenic potential in other regions where β-catenin is stabilized.
Although the tooth bud-like epithelial invaginations from the
palatal epithelium in Catnblox(ex3)/+;Osr2-CreKImutantmice expressed
several tooth epithelial markers, transplantation of the palatal shelves
from the Catnblox(ex3)/+;Osr2-CreKI mutant mice into adult mouse
kidney capsules did not result in complete tooth morphogenesis.
Further examination of expression of tooth developmental genes
showed that the palatal epithelial invaginations in the Catnblox(ex3)/+;
Osr2-CreKImutantmice did not have expression of eitherMsx1 or Pax9
in the underlying mesenchyme. Both Msx1 and Pax9 are required for
the normal tooth development beyond the bud stage (Satokata and
Maas, 1994; Chen et al., 1996; Peters et al., 1998), which is probably at
least part of the reason why those tooth bud-like structures could not
complete toothmorphogenesis in the kidney capsule cultures. The lack
of expression of Msx1 and of Pax9 in the mesenchyme underlying the
palatal epithelial invaginations in the Catnblox(ex3)/+;Osr2-CreKI
mutant mice, together with the ﬁnding that expression of Msx1 and
of Pax9were not altered in the toothmesenchyme in the Catnbf/f;Osr2-
IresCremutant embryos, indicate that both theWnt/β-catenin and the
Pax9–Msx1 pathways are required and act in parallel to activate
mesenchymal odontogenic potential during early tooth development.
Further investigation of how Wnt/β-catenin signaling interacts with
the Pax9–Msx1 and other pathways to activate the mesenchymal
odontogenic potential will guide future research efforts in biological
tooth regeneration for replacement therapy.
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